ABSTRACT
INTRODUCTION
There is an expectation that distribution networks within the United Kingdom (UK), and internationally, will continue to see expanding levels of distributed generation (DG) due to the drive by respective Governments to move towards lowcarbon economy targets [1] . In order to accommodate DG schemes of sizable capacity a 'non-firm' or 'constrained' connection agreement may be in place whereby the DG is disconnected or the DG power output is constrained at times of network power flow congestion. As DG proliferates it is anticipated that network power flows will become increasingly congested and the requirement to constrain DG power outputs will consequently increase. At present 'last-in first-off' (LIFO) strategies are adopted for DG disconnection and/or DG power output constraint since it is felt that the energy yield from a DG scheme already connected and operating within the distribution network should not be unduly affected by the connection of subsequent DG schemes. Moreover, there is no mechanism in place, at present, to encourage the aggregated energy yield maximisation of a group of separately owned DG schemes. Through a United Kingdom Generic Distribution System (UKGDS) [2] case study, this paper demonstrates that a number of candidate strategies for the power output control of multiple DG schemes have the potential to offer improved annual energy yields of the aggregated DG schemes when compared to a LIFO control strategy. The algorithms presented forthwith are being developed to be embedded in an online system for the 'Active Control of Distributed Generators based on Component Thermal Properties' [3] . In this continuing project, AREVA T&D, Imass, PB Power, ScottishPower EnergyNetworks and Durham University have formed a research consortium, part sponsored by the Department for Innovation, Universities and Skills.
It is anticipated that the control algorithms will support distribution network operator (DNO) decisions for network power flow management in a portion of ScottishPower EnergyNetworks' distribution system. Previous research focused on the technical and economic aspects of a power output control system for single DG schemes [4] and demonstrated that it could be a cost effective alternative (to network reinforcement and DG disconnection) for increasing the annual energy yield of DG schemes.
BACKGROUND THEORY
Underpinning this work is the theory of power flow sensitivity factors that relate the changes in distribution network power flows to DG nodal power injections [5] - [6] . If power flow congestion occurs, an assessment of the amount a generator is required to be constrained may be made using Equation (1) .
Where ΔG p,m is the required change in real power output of the generator at node m; ΔP i,k is the required change in real power flowing from node i to node k in order to relieve the power flow congestion, as evaluated in Equation (2), and
is the sensitivity factor that relates the change in nodal real power injection at m with the change in power flowing from node i to node k.
Where  is the target utilisation of the congested component after control actions have been implemented; S i,k lim is the thermal limit of the congested component; "Q i,k is the reactive power flowing from node i to node k after the control actions have been implemented; 'S i,k is the apparent power flowing from node i to node k before control actions are implemented and 'Q i,k is the reactive power flowing from node i to node k before the control actions are implemented. Prague, 8-11 June 2009
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CONTROL STRATEGIES Present Strategies:
Present LIFO control strategies include the complete disconnection of DG schemes or DG power output reduction in discrete intervals [7] . In this paper it is assumed that the power output of DG schemes is reduced in intervals of 33%.
Proposed Candidate Strategies
An intermediate step towards the power output control of multiple DG schemes could be to implement a 'LIFO sensitivity-based' control strategy whereby DG power outputs are adjusted (in contractual order) based on Equations (1)- (2). Moreover, these equations may be developed further to define the power output adjustment of multiple DG schemes (assuming contracts are in place to allow DG operation outside of a LIFO strategy) in order to maximise the annual energy yield of the aggregated DG schemes. Three such strategies are outlined below:
Percentage of total DG power output
The output adjustments of multiple DG schemes through relevant sensitivity factors according to their present percentage power contribution to the total DG power output may be assessed using Equation (3) .
Where G p,m is the present real power nodal injection at node m and G p,total is the summation of present nodal DG injections. With this strategy DG schemes with larger real power injections are required to solve a larger proportion of the power flow congestion.
The required DG power output adjustments are then calculated through the relevant sensitivity factors.
Equal percentage reduction of present power output
The equal percentage reduction, N, in the present power output of multiple DG schemes, taking power flow sensitivity factors into account, may be assessed as in Equations (4)- (5) .
Where:
This strategy may be seen as the most 'fair' option since each DG scheme is constrained as an equal proportion of their present power output.
Most appropriate technical strategy
In order to minimise the overall DG constraint and thus maximise the annual energy yield of the aggregated DG schemes it is possible to make a power output adjustment assessment using Equation (6) . (6) In this strategy the DG scheme with the greatest technical ability to solve the power flow congestion is adjusted.
CASE STUDY NETWORK
The case study network shown in Figure 1 was derived from a section of the UKGDS 'EHV3' network [2] . Three DG schemes were connected to the network at 33kV nodes and power flow congestion was found to exist between nodes 353 and 357. A summary of the DG portfolio together with the LIFO DG constraint order and the relevant power flow sensitivity factors is given in Table 1 .
Case-specific strategy illustrations
Setting the utilisation target equal to 99% of the static summer rating (30MVA) of the power flow-constraining component and assuming on a half-hour basis that the reactive power flow in the component remained constant, Equation (2) 
Percentage of total DG power output
The output adjustments of multiple DG schemes through relevant sensitivity factors according to their present percentage power contribution to the total DG power output were assessed using Equations (7) and (9) Figure 2 displays the simulation flow chart that was used to quantify the individual and aggregated DG annual energy yields for the candidate multiple DG control strategies. UKGDS annual ½ hour loading and generation profiles were utilised and, in validating the control strategies, voltage limits on all busbars were set to ±3% of nominal. 
SIMULATION TOOL

RESULTS
The marginal annual energy yields resulting from the applied candidate control strategies are summarised in 
DISCUSSION
Considering Table 2 , for the case study network it can be seen that power flow sensitivity factor-based approaches have the potential to unlock gains in the aggregated annual energy yield contribution of multiple DG schemes. Moving from a 'LIFO discrete interval' to a 'LIFO sensitivity-based' control strategy has the potential to unlock an extra 4.1%. Moreover, a further 4.9% annual energy yield gain may be achieved by utilising the 'most appropriate technical' strategy that minimises overall DG constraint. For 'percentage of total DG power output' and 'equal percentage reduction of present power output' multiple DG control strategies, it can be seen that the relative annual energy yields of G p,353 and G p,352 are reduced in order to achieve an aggregated DG annual energy yield gain. This phenomenon is even more pronounced in the 'most appropriate technical' strategy where annual energy yield gains of 1.7% and 85.1% for G p,352 and G p,354 respectively are facilitated by the 19.2% reduction in the annual energy yield of G p,353 . In order to embrace the multiple DG control strategies presented there clearly needs to be a contractual mechanism in place that gives an incentive to separately owned DG schemes to have their power output reduced in order to maximise the overall DG annual energy yield contribution. One such mechanism could be to set up cross-payments between generators whereby the generators that are constrained to maximise the aggregated energy yield are rewarded by payments from the other generators.
CONCLUSION
This paper has presented a number of candidate strategies for the power output control of multiple DG schemes in order to achieve aggregated annual energy yield gains when compared to a present last-in first-off strategy. This could be of value in situations where distribution network power flows have become congested as a result of DG proliferation. In order to embrace the multiple DG control strategies presented in this paper there clearly needs to be suitable contractual mechanisms in place that give an incentive to distributed generators to have their power output reduced in order to maximise the aggregated DG annual energy yield contribution. Work is continuing in this area to realise the potential of multiple DG power output control strategies. 
